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et al., 1984). How are they selectively extracted from
this dilute solution and shipped to the Golgi apparatus?
Before considering current models, the pathway to
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New Haven, Connecticut 06520-8002 the Golgi needs to be described (Figure 1) (Kaiser and
Ferro-Novick, 1998). Cargo proteins exit in COPII-coated
vesicles that bud from specialized exit sites known as
transitional elements of the ER. As these vesicles un-Introduction
The transport and sorting of proteins newly made in the coat, they fuse to form vesiculo-tubular clusters (VTCs,
also known as the salvage compartment, the intermedi-endoplasmic reticulum (ER) has long been a fascinating
and contentious issue to those interested in membrane ate compartment, and the ERGIC), which then become
coated with COPI coats. COPI-coated vesicles mediatetraffic processes. Secretory and membrane proteins,
collectively termed ªcargo proteins,º exit the ER in vesi- the recycling of components back to the ER. These
include the membrane components of the vesicle ma-cles targeted to the Golgi apparatus. Transport through
the Golgi is often accompanied by extensive posttrans- chinery itself (such as the p24 family of coat-binding
proteins), targeting components (such as the SNAREs),lational modification until the trans-Golgi network (TGN)
is reached. Here, cargo is sorted into vesicles bound and any escaped ER proteins appropriately tagged so
as to bind directly to the COPI coat itself or indirectlyfor different destinations including secretory granules,
the plasma membrane, and the endosome/lysosome to receptors such as the KDEL receptor.
Sorting Modelssystem.
Sorting not only involves the separation of cargo pro- So how does this step of the pathway separate cargo
from resident ER proteins? Two opposing models haveteins from those intended for other destinations. It also
involves their separation from components of the com- dominated the field and can be summarized as follows.
First, the bulk flow model (Wieland et al., 1987) putspartments through which they move. The first such sep-
aration occurs during transport from the ER to the Golgi the onus for sorting on the ER proteins themselves.
Retention signals keep the ER proteins in the ER andapparatus. Cargo proteins typically constitute only a few
percent of the many ER proteins that are responsible retrieval signals salvage those few that inadvertently
escape. Cargo moves by default and requires no exportfor their synthesis, translocation, and assembly (Quinn
Figure 1. Secretory Cargo in Pancreatic Acinar Cells Is Concentrated by Exclusion
Amylase and chymotrypsinogen exit the ER by bulk flow in COPII vesicles budding from the transitional elements (te) of the ER. They are
later concentrated in VTCs (vesiculotubular clusters) by exclusion from recycling COPI vesicles. In contrast, components that recycle, rBet1p
(a presumptive v-SNARE) and the KDEL receptor, are concentrated in budding COPII vesicles and remain concentrated during the rest of the
cycle.
Cell
126
signals. Signals are only needed later on, should the KDEL receptor. Both were concentrated at ER exit sites
showing that the method can detect such changes. Thecargo proteins need to be diverted away from the default
pathway to the cell surface. This was a satisfying and concentration was also maintained in VTCs and COPI
budding vesicles, suggesting that the system is closedparsimonious model. It did not require each of the thou-
sands of different types of cargo protein to have an and that no further concentration was required to return
these components to the ER. Removal of 90% of theexport signal, and it explained the transport of peptides
too small to have a signal, as well as expressed bacterial membrane would leave relatively little of these recycling
components to be mopped up at later stages, i.e., inproteins that are not usually secreted by eukaryotic
cells. the Golgi cisternae. The 10-fold concentrated cargo in
the remaining 10% of membrane would also explainThe second model, receptor-mediated export (Kuehn
and Schekman, 1997), focuses attention on the cargo the long-standing observation that cargo proteins are
concentrated during movement from the ER to the Golgimolecules themselves, proposing that each and every
one is marked by a signal that ensures selective incorpo- apparatus. Interestingly, amylase is only concentrated
about 2-fold in the VTCs, suggesting that most of itration into budding COPII vesicles. ER proteins would
be excluded, perhaps by steric hindrance, and any that refluxes back to the ER and explains its slower rate of
secretion when compared with chymotrypsinogen.do escape would be retrieved by a salvage process.
These models differ in one key respect: Bulk flow Sorting by selective exclusion immediately explains
why COPII vesicles need to fuse to form VTCs. It hadpredicts that cargo exits in COPII vesicles at the concen-
tration prevailing in the ER lumen. Receptor-mediated been argued that they do so to aid transport to the Golgi
apparatus but this could be done as a collection ofexport predicts concentration of cargo at these exit
sites. This prediction can be tested using quantitative vectorially targeted vesicles without any need for fusion
to occur prior to reaching the Golgi proper. Fusion per-immunocytochemical techniques, and earlier studies
came down in favor of receptor-mediated transport. The mits pooling of the dilute secretory proteins so that con-
centration can occur by selective membrane removalobserved concentration at ER exit sites was, however,
challenged on technical grounds, largely concerned with via the COPI vesicles, a process that clearly involves
signal recognition and decoding for both lumenal andthe accessibility of the cargo proteins to the combina-
tions of antibody markers used to visualize them (Grif- membrane proteins.
This exclusion model also provides an explanation forfiths et al., 1995).
Sorting Secretory Proteins a puzzle posed by the bulk flow model. If cargo has no
export signals, how is it prevented from entering theIrrespective of the merits or validity of these criticisms,
it became essential to reanalyze this problem using an vesicles that have to recycle vesicle machinery and
other components back to the ER? Exclusion from theindependent system and this the Utrecht group has now
done (MartõÂnez-MenaÂ rguez et al., 1999). Klumperman recycling vesicles provides a mechanism and one very
reminiscent of the endocytic mechanism that sorts pro-and colleagues have studied the concentration of abun-
dant secretory proteins, the zymogens, in rat pancreatic teins destined for degradation in lysosomes. Delivery of
these proteins from the cell surface to the early endo-acinar cells, classically used by Palade and colleagues
to lay the foundation for our understanding of the secre- some is followed by recycling of vesicles back to the
plasma membrane. These vesicles exclude the lysosom-tory pathway. Over the years, the Utrecht group has
used these cells as the test site for quantitative immuno- ally directed proteins, both lumenal and membrane pro-
teins, which increase in concentration as the endosomecytochemical work; accordingly, they provide a host of
advantages to examine the steady-state concentrations matures and is eventually turned into a lysosome (Korn-
feld and Mellman, 1989).of secretory proteins in a professional secretory cell.
Klumperman and colleagues looked first at the con- Sorting Other Secretory Proteins
But can these results be generalized to all secretorycentration of amylase, the most abundant of the zymo-
gens secreted by acinar cells. Careful and elegant analy- proteins? The answer is probably not, as suggested by
the secretion of the mating factor, a factor, in the bud-sis showed clearly that it was not concentrated at ER
exit sites. It had the same concentration in the ER, the ding yeast, S. cerevisiae (Kuehn et al., 1998).
a factor is incorporated into COPII vesicles and itCOPII budding vesicles, and the COPII vesicles them-
selves. It was only when VTCs were reached that an associates, at least in detergent solution, with trans-
membrane components of COPII vesicles. This implies,increase in concentration of amylase was observed.
Moreover, increased amylase concentrations were re- but does not prove that a factor is concentrated at ER
exit sites. That must await identification of the receptorstricted to regions of the VTCs not coated by COPI
coats. The clear implication was that concentration did or quantitative immunocytochemical studies comparing
the density of a factor in COPII vesicles and the precur-not occur at ER exit sites but rather in VTCs, concomitant
with selective removal of membrane by COPI coats. sor microsomal membranes. Nevertheless, the data are
suggestive especially when taken together with experi-This result was not restricted to amylase. Chymotryp-
sinogen was also only concentrated in the VTCs. Typi- ments suggesting that the p24 family of coat-binding
proteins can act as cargo receptors (Kaiser and Ferro-cally, a 10-fold increase in concentration was observed
suggesting that 90% of the VTC membrane was re- Novick, 1998).
One way of reconciling these data with those ofmoved by COPI vesicle budding. This of course assumes
that the system is closed, that no membrane is added or Klumperman and colleagues is to consider the relative
amounts of protein being secreted. The pancreas is per-removed by other means. Klumperman and colleagues
also looked at the concentration of the presumptive haps the most professional of all secretory tissues, with
the acinar cells synthesizing up to 5 million molecules/targeting SNARE, rBet1p, and the salvage receptor,
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min/cell (Case, 1978). a factor, by comparison, is synthe- bulk flow and receptor-mediated models of ER export.
sized at a rate about 100-fold lower than this (when Receptor-mediated export is particularly appropriate for
corrections are made for the difference in cell size) minor proteins, and the challenge here is to identify
(Thorner, 1981). It may be that receptor-mediated export the receptors. Bulk flow is appropriate for abundant
is the only way to ensure rapid secretion of this protein. proteins, too many to permit receptor-mediated sorting.
The zymogens, by comparison, are probably so abun- Here the challenge is to understand the features that
dant that there would be too many molecules in the permit exclusion from COPI-coated vesicles. It may well
vesicle for receptor-mediated export: even if receptors be that these are not the discrete signals that we are
did exist, the concentration of zymogens in the ER lumen used to dealing with but more colligative properties of
would probably exceed their capacity. Bulk flow exit is, proteins that permit specific self-association.
therefore, the only other option.
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Golgi apparatus) and 90% of the G protein in any one
round would recycle back to the ER, lowering the rate
of transport by 10-fold, as observed.
This interpretation is entirely consistent with recent
studies on the transport of VTCs in living cells examined
using fluorescence imaging techniques (Shima et al.,
1999). Cultured cells, unlike pancreatic acinar cells, have
most of their ER exit sites in the cell periphery so that
VTCs have to be transported along microtubules to the
Golgi region. VTCs carrying the G protein were found
to be mostly coated with COPI coats that were seen to
become segregated away from the G protein cargo as
the Golgi was approached. COPI did, however, colocal-
ize with recycling components such as the KDEL recep-
tor suggesting that, once again, concentration by exclu-
sion was occurring. It was not, however, possible to
measure this directly, so it will be interesting to repeat
the experiments using the G protein lacking the diacidic
motif. If sorting by exclusion obtains, then no segrega-
tion should be seen and G protein should remain colocal-
ized with the COPI coats.
Conclusions
As so often happens in science, yesterday's conflicts
become today's consensus. There is truth in both the
